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Abstract

We will presentan overview of the CLARAtyarchitecture
whichaimsatdevelopingreusablesoftwarecomponentsfor
robotic systems.Thesecomponentsare to supportauton-
omy software which plansand schedulesrobot activities.
TheCLARAtyarchitecturemodifiestheconventionalthree-
level roboticarchitectureinto anew two-layereddesign:the
FunctionalLayer andthe DecisionLayer. The Functional
Layer providesa representationof the systemcomponents
and an implementationof their basicfunctionalities. The
DecisionLayer is the decisionmaking enginethat drives
theFunctionalLayer. It globally reasonsabouttheintended
goals,systemresources,andstateof thesystemandits en-
vironment. The FunctionalLayer is composedof a setof
interrelatedobject-orientedhierarchiesconsistingof active
andpassiveobjectsthatrepresentthedifferentlevelsof sys-
tem abstractions.In this paper, we presentan overview of
the designof the FunctionalLayer. The FunctionalLayer
is decomposedinto a setof reusablecorecomponentsand
a setof extendedcomponentsthatadaptthe reusablesetto
differenthardwareimplementations.The reusablecompo-
nents:(a)provideinterfacedefinitionsandimplementations
of basicfunctionality, (b) provide local executive capabili-
ties, (c) managelocal resources,and(d) supportstateand
resourcequeriesby theDecisionLayer.

1 Intr oduction

With the increasedinterestin developingroversfor future
Mars exploration missions,a significantnumberof rover
platformshavebeendesignedandbuilt in thelastfew years.
Researchersandengineersat theJetPropulsionLaboratory,
CaliforniaInstituteof Technology, NASA Centers,anduni-
versitiesusetheseplatformsto testnew conceptsandvali-
datealgorithmsfor thecontrolandoperationof autonomous
roboticvehicles.Becauseof thedifferencesin themechan-
ical andelectricaldesignof thesevehicles,they sharelittle
in termsof software infrastructure. Transferringcapabili-

ties from onerover to anotherhasbeena majorandcostly
endeavor because:(i) physicalcapabilitiesdiffer from one
rover to another, (ii) rovershave differentcontrolandsoft-
warearchitectures,and(iii) roversarecomplex systemsthat
integratemany disciplines.Becauseroboticssystemscover
severaldomainareas,researchersof asingledomainneedto
integratetheirnewly developedtechnologyinto thecomplex
roboticenvironment.Properintegrationrequiresanin-depth
understandingandcharacterizationof the behavior of vari-
ouscomponentsof the system,which vary from oneplat-
form to another.

The CLARAty architecture,which standsfor Coupled
LayeredArchitecturefor RoboticAutonomy, aimsatdevel-
opingflexible andreusablesoftwarecomponentsfor robotic
systems[20]. Thesecomponentsareintendedto supportau-
tonomysoftwarewhichplansandschedulesrobotactivities.
TheCLARAtyarchitecturemodifiestheconventionalthree-
level roboticarchitectureinto anew two-layereddesign:the
FunctionalLayer andthe DecisionLayer. The Functional
Layer providesa representationof the systemcomponents
and an implementationof their basicfunctionalities. The
DecisionLayer is the decisionmaking enginethat drives
theFunctionalLayer.

Oneof our goalsis to provide a designthatallows non-
expertsin a domainto useandintegratethesecomponents
in their applications. To do so, we needto capturewell-
understoodandwell-developedknowledgefrom thevarious
domainsinto generalizedcomponents.Justlike an operat-
ing systemprovidesa level of abstractionfrom thecompu-
tationalhardware,so doesthe FunctionalLayer provide a
level of abstractionfor theroboticsystems.

2 Background

Therehasbeenseveraleffortsfocusedondevelopingrobotic
architectures.Typical robotandautonomyarchitecturesare
comprisedof threelevels- Functional,Executive,andPlan-
ning levels [1] [10] [17]. Somearchitecturesemphasized
oneareaoverothersandthusbecamemoredominantin that



domain. For example,somearchitecturesemphasizedthe
planningaspectsof the system[7] [8], othersemphasized
the executive [4] [18], while othersemphasizedthe func-
tional aspectsof the system[19] [14] [16]. There is on-
goingresearchin activities aimedat blurring thedistinction
betweenthe planningandexecutive layers[9] [11]. Other
architecturesdid not explicitly follow this typical break-
down. Somefocusedon particular paradigmssuch as a
fuzzy-logicbasedimplementation[12] or a behavior-based
implementation[2] [5]. Therehasbeenconsiderableef-
fort in architecturesthataddressedmultipleandcooperating
robots[15] [13].

One differencebetweenthe CLARAtyarchitectureand
theconventionalthree-level architecturesis theexplicit dis-
tinction betweenlevels of granularityand levels of intelli-
gence.In conventionalarchitecturesbothgranularityandin-
telligencewerealignedon oneaxis.As you moveto higher
abstractionsof the system,intelligenceincreases.This is
not truefor theCLARAtyarchitecture,wereintelligenceand
granularityareon two differentaxes. In other words, the
systemdecompositionallowsfor intelligentbehavior atvery
low levelswhile still maintainingthestructureof thediffer-
ent abstractionlevels. This is similar in conceptto hybrid
reactiveanddeliberativesystems.

3 A Component-Based System De-
composition

3.1 ExposingBehavior or Runtime Model

The properdecompositionfor a genericrobotic system,in
large,dependsonwhatelementsof thesoftwarearetargeted
for reusein futureapplications.Onedecomposition,for ex-
ample,canhighlight theruntimemodelof thesystem,while
anothercanhighlight thebehavior of thecomponentsof the
systemhiding the runtime modelsand their implementa-
tions. Underdifferenthardwarearchitectures,the runtime
implementationof componentsmaychangemakingit desir-
ablefor encapsulation.TheControlShellsoftware[16], for
example,is a commercialpackagethat highlights the run-
time behavior of a systemproviding a closemonitoringof
its runtimemodels.Alternatively, our decompositionhigh-
lights the behavior of the componentsof the systemwhile
hiding their runtime modelsand their implementationde-
tails.

The behavior of componentsis usually less likely to
changeacrossapplicationsandhencecanbeabstractedinto
a genericform. To illustratethis point, considerthe exam-
ple of a motion control systemwhich can be represented
by genericMotor and CoordMotors components.Ev-
ery robot systemhasan internal motion control architec-
turethatreflectsthecontrolhardware.Eachhardwarecom-
ponentintroducesarchitecturalconstraintson the system.
In oneimplementation,onemight usecommercialoff-the-
shelf(COTS)motioncontrolboards.In asecondimplemen-
tation, onemight usecustomdesignedboardswith COTS

chips. In a third implementation,onemight closethefeed-
backloop usingsoftwarerunningon an embeddedproces-
sor. While theseare threedifferent implementationsof a
motion control system,the behavior requirementsof the
controlledmotor arethe same. In any of theseimplemen-
tation,you would still like to do positioncommanding,ve-
locity profiling, andtrajectorycontrol. You would alsolike
to detectandreportstall conditionsandbeableto interrupt
themotion. You would alsolike to readthecurrentandde-
siredpositions,velocities,accelerations,andhealthstatus.
For apersondevelopingvision-basednavigationcomponent
for a mobile robot, it is only necessaryto understandthe
behavior of the componentratherthanbe requiredto have
intimateknowledgeof theimplementationandhardwarede-
tails. Nor shouldthey have a particularimplementationin-
advertentlyinfluencetheirdesignof vision-basednavigation
algorithms. The Motor and CoordMotors arean ab-
stractrepresentationfor motioncontrol thatdefinewhatthe
componentsaresupposedto do. Thesecomponentshidethe
detailsof theimplementationwithoutcompromisingpartic-
ular featuresof thehardware.

Anotherexampleis thatof an imagingsystem.Thepri-
mary functionof sucha systemis to acquireimages.How
theimagingsystemacquirestheimagedepends,largely, on
its implementation.In somesystems,an analogcamerais
connectedto a framegrabbermountedin a computational
backplane.In othersystems,a digital camerais usedand
the imageis transmittedthrougha fast serial interfacedi-
rectly to thehostmemory. In eithercase,theprimaryfunc-
tion of the imaging systemremainsthe same,i.e. to ac-
quireimages.Wecanrepresentsuchasystemby anabstract
Camera componentthatpublishesa uniform interfacefor
acquiringandsynchronizingimageacquisitionbut hidesthe
detailsof its implementationandtheruntimemodels.

3.2 ComponentClassification

We will presenta classificationbasedon theabstractphys-
ical andfunctionalcomponentsof the systemthatwe have
beenevolving overseveralyears.Weuseanobject-oriented
systemdecompositionto provide several abstractionsfor
the componentsof the systems.Physicalabstractcompo-
nentsareextendedto concretecomponentsthattie into real-
systemor to simulationcomponentsthattie into virtual sys-
tems. Componentsare implementedusing classes. The
termsareusedinterchangeablyin thisarticle.

Therearethreemain typesof classesin our Functional
Layer: (1) datastructureclasses,(2) genericclasses(phys-
ical and functional), (3) specializedclasses(physicaland
functional). All three types of classescontain domain
knowledgefrom differentdisciplines.They areintegratedin
a framework to maximizecodereuse,eliminateduplicated
functionality, and simplify code integration. As a result,
therearerelationshipsanddependenciesamongthevarious
classes.Togetherthey provideamodularbut well-integrated
solution.

Next, we will describethesedifferent typesof classes.
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Figure1: Variousclassesusefulfor roboticapplications

A descriptionof therelationshipsamongthesecomponents
will follow.

3.3 Relationshipsamong the Differ ent Com-
ponents

Thereare two typesof relationshipsamongthesecompo-
nents: inheritance,and aggregation [6]. As we have just
seen,therelationshipbetweengenericandspecializedcom-
ponentsis that of inheritance. Specializedclassesarede-
rived from the genericclasses.Both genericand special-
ized classesare of the sametype. In aggregation, how-
ever, the aggregatedcomponenthasa different type than
thatof theaggregate.Aggregationis usedto provide com-
ponentswith differentlevelsof granularity. For example,a
Manipulator classaggregateslower-level Motor class
and Link classobjects.

Thereasonwhy suchadecompositionof roboticsystems
is possibleis that componentsat the lower levels of gran-
ularity canbe implementedwith little or no knowledgeof
their neighboringcomponents.In otherwords,thecoupling
amonglow-level componentsis loosefor themostpart.The
couplingamongthesecomponentsincreasesaswe moveto
higher-level components.Higher-level componentsaggre-
gatelower-level componentsandmanagethe interactionof
their subordinatecomponents.This approachabstractsthe
functionalityof componentsandreducesthecomplexity of
thesystemsignificantly.

4 Data Structure Classes

Thedatastructureclassesareclassesthatprovidehandling,
transformation,andstorageof data. Onecharacteristicof
datastructuresis that they do not have any executive ca-

pability, making them the easiestto implementand port
on multiple operatingsystems. While their efficiency is
very important,they themselvesdonot invokeotherthreads
(tasks). However, they mustbe reentrantto supportbeing
simultaneouslyexecutedby differentthreads.

Data structuresare the most reusedcomponentsin the
system.Thereis not a singledatastructurethatdominates
in thearchitecture;but thereareseveral typesthatareused
throughoutthe FunctionalLayer. The challengein the de-
signof datastructuresis to enhancetheir reusabilityacross
thedifferentroboticdomains.

There are two types of data structuresrelevant to our
discussion: (1) general-purposedata structures,and (2)
domain-specificdatastructures.General-purposedatastruc-
tures are reusablebeyond the scopeof robotics applica-
tions. Therefore,whenever suitable,we leveragestandard-
ized developmentsof thesegeneraldata structures,such
asthe StandardTemplateLibrary [3]. Whenever suchim-
plementationsarenot availablefor real-timeoperatingsys-
tems,or whenever they imposeconstraintsthat arenot ap-
propriatefor roboticapplications,we replacethemwith al-
ternativecustomizedimplementationsmaintainingthesame
interface. Examplesof general-purposedata structures
are: Array, Vector, Matrix, Bit, LinkedList,
Map, Container, String and so on. Examplesof
domainspecificdatastructuresare: Image, Message,
Resource, Location, HTrans(homogeneoustrans-
formation),Quaternion andsoon.

Somedomainsimposecertainconstraintson the design
and implementationof their data structures. For exam-
ple, a two-dimensionalarrayclasscreatedby instantiating
a vectorof a vectorusing the vector classof the Stan-
dardTemplateLibrary (STL) cannotserve asa parentfor
our Matrix class,which in turn is a parentclassfor our
Image class.The Image and Matrix classesmusthave
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contiguousmemoryallocationsof their elementsfor effi-
cientprocessing.Theprocessingrequirementsof thesetwo
derivedclassesimposecertainconstraintson the designof
their baseclass. In otherwords,a trade-off is madein fa-
vor of efficiency overflexibility of thedatastructure,which
influencesthe designof the Array/Matrix/Image hi-
erarchy. Figure2 shows the currentrelationshipsbetween
thesedatastructuresexpressedusingtheUnified Modeling
Language(UML) [6].

5 GenericClasses

Genericclassesareclassesthatprovide anabstractdescrip-
tion and implementationof the behavior of a component.
Genericclassescan be active, i.e. their objectscan gen-
erateseparatethreadsof executionandrun within multiple
threads.In otherwords,theseclassescanhave local exec-
utive capability. For example,a Motor classcangenerate
two threadsof execution:onefor controlandthe otherfor
feedback.Someclassesalsohave local planningcapabili-
ties.Therearetwo typesof genericclasses:genericphysical
classes(GPC)andgenericfunctionalclasses(GFC).

5.1 Generic PhysicalClasses

A genericphysicalcomponent(GPC)is a classthatdefines
thestructureandbehavior of aphysicalobjectin anabstract
sense.Thesetype of classesexposethe capabilitiesof the
componentsindependentof theunderlyinghardwareconfig-
uration.Someof theseclasseshavepartial implementations
sincethey areeventuallyattachedto physical/simulationob-
jects that completetheir implementation. The objectsto
which they attachareof the sametype. The extent of the
implementationdependson theknowledgeavailableto that
classat that particular level of abstraction. Examplesof
suchclassesare: Motor, Joint, Wheel, Arm, Mast,
Locomotor, Rover, Camera, FilterWheel, Gyro,
DigitalIO, AnalogIO, Socket, and SunSensor.
Thesecomponentsappearat different levels of granularity
in theFunctionalLayer. Figure3 shows anillustrationof a
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typical genericphysicalcomponent.The characteristicsof
thesegenericcomponentsarethatthey:

� Representanabstractview of aphysicalentity.

� Attach to concretephysicalclassesof the sametype.
The physicalclassescompletethe implementationof
thegenericclassinterface.

� Provide genericpublic interfacesthat supportsdiffer-
entphysicalimplementations.Theinterfacesdefinethe
functionalityandservicesof thecomponent.

� Provide theruntimemodelfor component’soperation.

� Managelocal atomicresourcesandresolve local con-
flicts.

� Encapsulatethestatesof a componentandprovide ac-
cessto the statesthroughtheir public interface. The
DecisionLayercanqueryany stateof a componentat
any time.

� Provide local stateestimationbasedon information
availablewithin thescopeof thecomponent.May at-
tachto externalgenericestimators(e.g.KalmanFilter)

� Provide resource usage prediction in responseto
queriesfrom theDecisionLayer.

� May have internalstatemachines.

� May includeor referenceothergenericphysicalcom-
ponents.Suchcomponentsaremadepublicly accessi-
ble to allow accessto subordinates.

5.1.1 The State and StateHandler Classes

Componentsusestatevariablesfor logging, tracking,and
recovery strategies. Componentscanhave numerousstate



variablesdependingon whatstatesareinterestingto a par-
ticular application. State information can have different
forms. It maybecontainedin a softwarevariableor a hard-
wareregister. To trackhardwareregisters,statevariableare
createdto mirror theseregisters.Doing soenablestracking
andlogging of a particularstatefor planningandrecovery
purposes.Typical componentscanhave tensof states.

A State classis designedto provide a uniform han-
dling of all statevariables. The State is a template-
basedclass that wraps the actual state variable. State
variablescan be representedby integers, vectors, matri-
ces, bit patterns,and so on. The State class tracks
transitions,time-tagsand logs statehistory. Internal state
machineskeeptrack of currentstatesand allowable state
transitions. The State classcan attachto an external
StateHandler class,which provides additionalglobal
functionalitysuchastheperiodicmonitoringof any selected
subsetof thesystem’s states.Suchstatetrackingcanbese-
lectively disabledor completelyeliminatedfor applications
thatdo not requirethis feature.

State information can only be accessedthrough the
state query interface. States can be internally moni-
tored by the componentor externally monitored by the
StateHandler, other components,or by the Decision
Layer. A public or privateoperationof a particularcom-
ponentcancreatea new internal threadto monitor a state
variable and act on statetransitions. A single statecan
be monitoredby several componentssimultaneously(i.e.
from several threadsof control). To do sosuccessfully, the
State classimplementationmustbereentrant.

5.1.2 StateEstimation

Like statevariables,the stateestimationcan have differ-
ent forms. Theestimationof the local stateis implemented
within thescopeof thecomponentandmaybeimplemented
in software,hardware,or a combinationof both. If thereis
redundancy in theinformationavailableto acomponent,it is
usedto provide betterestimatesof thestate.While estima-
tion of astateis typically limited to theknowledgeavailable
to the component,moresophisticatedestimatescanbe ob-
tainedby queryinghigher-level componentsthathavelarger
scope.Stateestimationoccursuponrequest,eitherexternal
or internal,atwhichtimethecomponentexecutestheproper
estimationoperation,updatesthestatevariable,andreturns
theestimate.

5.1.3 ResourceQueries

In addition to statequeries,thesecomponentssupportre-
sourcequeries. At any time, a componentcanbe queried
abouttheresourcesrequiredto executeanoperationandre-
turnsthe informationto theclient. The informationcanbe
in the form of a singlenumber, a vectorpresentingthe re-
sourceusageprofile,or a setof profiles.

5.1.4 Local Executionand Planning

Both genericphysicalandfunctionalcomponentscanhave
local executiveandplanningcapabilities.While this is lim-
itedto thescopeof thecomponent,higher-levelcomponents
enjoy executive control over their subordinates.Global re-
sources,suchaspowerandmemory, thatcoupleall compo-
nentsof thesystemaremanagedby theDecisionLayer. In
somesense,the FunctionalLayer providesdifferentgran-
ularity of baselinefunctionality for the Decision Layer.
Higher-level componentshidethecomplexitiesof theirsub-
ordinates.

5.2 Generic Functional Components

A genericfunctional class(GFC) is an abstractclassthat
describesthe interfaceandfunctionality of a genericalgo-
rithm. It providesa framework for implementingcomplex
functionalalgorithms.A genericfunctionalclasscanhavea
completeimplementationof its functionality becauseit in-
terfaceswith genericphysicalclasses.Genericfunctional
componentsaresimilarin structureto genericphysicalcom-
ponentsexceptthat they do not attachto hardwareor simu-
lation components.Examplesof genericfunctionalcompo-
nentsare: TrajectoryGenerator, ObjectFinder,
VisualNavigator, StereoVision, and Local-
izer. The State classpresentedabove is also an ex-
ampleof agenericfunctionalcomponent.

Generic functional componentsmay sometimesuse
genericphysicalcomponentsin their implementation.An
exampleof sucha classis the VisualOdometer class.
Thisclassimplementsanalgorithmthatcombinesrobotmo-
tion estimateswith visual information to provide accurate
positionestimates.It usesthe Camera (GPC)classto ac-
quiresuccessive imagesandthe Locomotor (GPC)class
to get a dead-reckoning estimateof the robot’s motion. It
thencombinesthe informationto provide ana refinedesti-
mateof the robot’s position. Anotherexampleof a generic
functional componentis the RoverLocalizer class,
which usesstereovision from the mast of the rover to
improve position estimation. This class uses generic
Mast and Camera classesin its implementation.

Similar to genericphysical components,genericfunc-
tional componentspublishtheir interfacesandhidetheir in-
ternal implementations.The complexity of thesecompo-
nentsvariesfrom onetypeto another. However, they should
all provideaneasyto useinterfacefor thenoviceuser.

In addition to executive capabilities, certain generic
functional componentsmay have local planningcapabili-
ties. Onesuchexampleis the VisualNavigator class,
which uses vision to plan paths and avoid obsta-
cles. The VisualNavigator classusesCamera and
StereoVision classesfor imageacquisitionandthree-
dimensionalmapgenerationrespectively. Using this infor-
mation, it plans a feasiblepath in its environment. The
VisualNavigator classhaslocal planningcapabilities
consideringonly the knowledgeof its aggregatedcompo-
nents.If the VisualNavigator classis capableof gen-



eratingmultiplepaths,theresultswill bereportedto theDe-
cisionLayerfor a final selection.TheDecisionLayerhasa
larger scopethanthe VisualNavigator classandcar-
ries out global planningandoptimizationtaking into con-
siderationresourceconstraintsandothergoal requirements
of thesystem.

6 SpecializedClasses

Specializedclassesareextensionsof thegenericclassesthat
adaptthe genericcomponentsto a particularrobotic plat-
form. This is known as the adaptationprocessand these
specializedclassesare also known as the adaptorclasses.
Specializedclassescompletethe implementationof their
genericcounterpartsandmayoverridesomedefault imple-
mentationif necessary.

Similar to their genericcounterparts,thesespecialized
classescanhaveexecutivecapabilities.Theseexecutiveca-
pabilitiesencapsulatethedetailsof thethreadingmodeland
implementationthatareuniqueto anexistinghardwareplat-
form. Suchencapsulationenablesthedesignof higher-level
abstractions(genericclasses)without worrying aboutsys-
temspecificdetails.

Justlike the genericclasses,therearetwo typesof spe-
cializedclasses:specializedphysicalclasses(SPC)andspe-
cializedfunctionalclasses(SFC).Thespecializednatureof
theseclassesmakesthemsuitablefor singleuseonly.

6.1 SpecializedPhysical Classes

A specializedphysicalclassis a classthatadaptsthe func-
tionality of a genericclassto a particularhardwarecompo-
nent.A specializedclassis derivedfrom its genericcounter-
part. It completesthe implementationof its genericparent
andin somecasesoverridesthegenericimplementationby
onethatis suitedfor theparticularroboticsystem.In short,
they tie thegenericcomponentsto theactualhardwarecom-
ponents.

Thisprocessis by far themostdifficult andarduoustask.
Eachhardwarecomponentcomeswith its own architecture
andtheoryof operation.Eachgenericcomponentalsopro-
videsits own behavior andtheoryof operation.Puttingthe
two togetherwithout carefuldesigncanresult in an archi-
tecturalmismatchandpoorsystemperformance.Ideallywe
would like to leveragethefeaturesof thehardwarearchitec-
tureandatthesametimefit it “nicely” into thegenericcom-
ponents.Thisis thejob of thespecializedclasses,whichim-
plementthebehavior definedby thegenericcomponentsus-
ing thefunctionalityprovidedby thehardwarecomponents.
A completematchof functionalitycannotalwaysbeaccom-
plished.Therefore,thesespecializedclassesmustadaptthe
hardwareto thebehavior to theextentpossible.

An exampleof specializedphysicalclassesare shown
in Figure 4. The ControlledMotor classis the GPC
thatprovidesthe interfaceandpartial functionality of con-
trolled motor operations.Two classesarespecializedfrom
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Figure4: GenericandSpecializedMotor classes

this class: the R7 ControlledMotor which is usedin
theRocky 7 roverandthe R8 ControlledMotor which
is usedin the Rocky 8 motor. The Rocky 7 implements
its motorcontrolusinga sharedparallelbus(implementing
using the digital I/O board- VPAR10) anda Rocky 8 im-
plementsits motorcontrolusingHCTL-1100controlchips
and the serial I2C bus. The relationshipof theseto the
ControlledMotor classis throughinheritanceandag-
gregation. This patternallows usersto instantiatea Con-
trolledMotor objectusingeitheroneof thespecialized
classes.

6.2 SpecializedFunctional Classes

A specializedfunctionalclassis a classthatis derivedfrom
its genericcounterpart:the genericfunctional class. It is
only usedin caseswhereanapplicationrequiresmorethan
parameteradjustmentsof the algorithms. This specialized
adaptationallowstheuserto modify thefunctionalityof the
genericalgorithmsandoverridecertainoperationsfor apar-
ticular implementation.Theseclassesarenotverycommon.

Specializedclassesaretypically applicationspecific. In
somecases,the genericcomponenttypesand their inter-
facesarenotsufficient for aparticularimplementationof an
algorithm. As a result,an extendedversionof the generic
componentcanbeusedinstead.Usingtheextendedclasses
insteadof their genericcounterpartslimits the portability
to differentrobotic platforms. Algorithms that usegeneric
componenttypesin their implementationwill operateusing
any specialized(derived)types.

7 An Example of the Manipulator
ClassHierar chy

Consider the Rocky 8 implementationof manipulation.
Rocky 8 is a Mars rover prototypethat hasa four degree-
of-freedom(DOF) mast and a four DOF arm. Figure 5
shows the manipulator class hierarchy and its relation-
ship with its parent,aggregates,and children. At the top
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of this hierarchyis the Manipulator classwhich is a
genericphysicalcomponent.This classis derivedfrom the
CoordMotors class. It also aggregatesa variablenum-
ber of ControlledJoint and Link objects. In other
words,amanipulatoris asystemof coordinatedmotorsthat
hasanumberof links andjoints. The Manipulator class
providesgenericfunctionalitysuchasindividual joint mode
controlandglobalvelocity/accelerationcontrol. It alsocon-
tains strategies for recovery from error conditions. Addi-
tionally, it provideshooksfor attachingto variousendef-
fectors.

Two manipulator types can be derived from the
Manipulator class:the Serial Manipulator class
and the Parallel Manipulator class. A serial ma-
nipulator is a robotic arm that concatenatesa numberof
joints and links. A parallel manipulatoris a mechanism
whoselinks areattachedin parallelto anoutputplane. An
exampleof a parallel manipulatoris the Stewart platform
that is usedin motion simulators. There is a duality in
the equationsgoverningthe kinematicsof serialandparal-
lel manipulators.Serialmanipulatorshave relatively simple
forward kinematicswhile parallel manipulatorshave rela-
tively simpleinversekinematics.Hence,the Serial Ma-
nipulator classhasthegenericforwardkinematicequa-
tions that will apply to all types of serial manipulators,
while the specializedR8 Arm will have the closed-form
inversekinematicsfor the particular arm. Similarly, the
Parallel Manipulator classwill havethegenericin-
versekinematics. Thereare numericalmethodsfor solv-
ing generalinversekinematicproblemsfor serialmanipula-
tors.Thesecanalsobemadeavailablein the Serial Ma-
nipulator class.Hybrid manipulatorsthatcombineboth
serial and parallel linkagesare representedby a separate
class(not shown here).

A serialmanipulatorcanbeusedasanarmor a leg for a
robot. It canbemountedon a fixedplatformor on a mobile
robot. Eachof theseoptionsrequiresadditionalfunctional-
ity andbehavior thata serialmanipulatormustsupport.For

example,it is helpfulfor amanipulatormountedonamobile
platform to know aboutthemobility systemandbeableto
controlit in somecases.Onesuchcaseis whenyouaretele-
operatingthisarm.If thearmwasnotawareof themobility
system,asyou extendthearmto theedgeof its workspace,
thearmlosesdexterity andsoonbecomessingular. But be-
causethearmknowsthatit ismountedonamobileplatform,
thenthearmcancommandthemobility systemto advance
the robot slightly so as to shift the workspaceof the arm
forward,keepingthearmin themostdexterousregionof its
workspace.Thearminterfaceremainsthesamebut its func-
tionalityandworkspaceareextended.Thisfunctionalitycan
be implementedwithin a Mobile Manipulator class,
which usesa genericLocomotor classin its implemen-
tation. The Mobile Manipulator is derived from the
Serial Manipulator class. One type of mobile ma-
nipulatoris the Rover Manipulator class.In addition
to supportingthefunctionalityof a mobilemanipulator, the
Rover Manipulator classextendsthe interfaceof the
Mobile Manipulator classto includeadditionalopera-
tions,suchasstow(),unstow() andotherroverspecific
functionality.

Consider the Rocky 8 rover, which defines two
specializedclassesderived from the Rover Manipu-
lator class. They are the R8 Mast class and the
R8 Arm class.Theseclassesdefinethe joint configuration
andparameters,link typesanddimensions,inversekinemat-
ics,andotherpropertiesuniqueto thesemanipulators.

During theadaptationprocessof thearmandmastsoft-
ware, the generic Rover Manipulator class is spe-
cialized to an R8 Arm and an R8 Mast classes. The
Rover Manipulator classprovidesgenericforwardand
inversekinematics,joint motion control, trajectory track-
ing, conditionalmotion, and error recovery. The special-
ized R8 Arm and R8 Mast classesspecify the link di-
mensions,joint limits, actuator types, and end effector
type. They also override the generic kinematicsof the
Manipulator classwith theclosed-formkinematicsthat
arespecificallyderivedfor theseinstances.

8 Experimental Results- Running on
Differ ent Platforms

8.1 System & Computing Ar chitecture of
Rocky 7

Rocky 7 is a Marsrover prototypethathassix drive wheels
with a rocker-bogey mobility mechanism. It has two
steerablefront wheelsandfour non-steerablebackwheels.
Mountedonto the rover platform are two manipulators:a
two degree-of-freedom(DOF) armwith two independently
actuatedscoops,anda threedegree-of-freedommast. The
armhasashoulderroll anda shoulderpitch,while themast
hasanadditionalelbow pitch. Threepairsof stereocameras
aremountedon therover: a stereocamerapair is mounted
onthemast,andtwo stereocamerapairsaremountedonthe



Figure6: TheRocky 7 rover

Figure7: ThePDM mockuprover

front andbacksidesof thevehicle. Thecomputingsystem
consistsof a3U VME backplanewith a60MHz 68060pro-
cessorwith on-boardEthernet,two CX100frame-grabbers,
a VPAR10 digital I/O board, and a VADC20 analogI/O
board. The main processorrunsa VxWorks 5.3 real-time
operatingsystem.Eachactuator(DC brushed)is controlled
by aseparatemicro-controller(LM629) usingan8 bit paral-
lel busthroughtheVPAR10. Theon-boardprocessorcom-
municateswith anexternalhostvia a wirelessEthernet.

8.2 System & Computing Ar chitecture for
PDM mockup

The PDM mockup(seeFigure 7) is a fixed manipulation
platform with a 4-DOF arm and a 4-DOF mastmounted
ontotheplatform.Both themastandthearmhaveasimilar
joint configurationwhich includea shoulderroll, a shoul-
der pitch, an elbow pitch anda wrist pitch. The arm hasa
singleDOFgripperwhile themasthasastereocamerapair.
The computingsystemis different thanRocky 7 andcon-

sistsof a 3U cPCIbackplanewith a 300MHz Pentiumpro-
cessorwith on-boardEthernet,two PX610frame-grabbers,
anda Sensoraydigital I/O board.Themainprocessorruns
a VxWorks 5.3 real-timeoperatingsystem. Eachactuator
(DC brushed)is controlledby a separatemicro-controller
(LM629) connectedto the SensorayboardI/O board. The
on-boardprocessorcommunicateswith anexternalhostvia
a wiredEthernetat a maximumthroughputof 10 MB/sec.

8.3 Implementation Results

The Rocky 7 rover and the PDM mockup have different
physical characteristicsas well as different hardware im-
plementations.Partsof theCLARAtyFunctionalLayerhas
been implementedand testedon both systems. On the
Rocky 7 rover, we were able to demonstrateparallel ex-
ecution of arm, mast and mobility operations. We also
demonstratecontinuousdriving and autonomousvision-
basedsampleacquisition with parallel execution of the
vision processingand the drive commanding. On the
PDM mockup,we were able to demonstratevision-based
sampleacquisitionfrom afixedplatformsharingabout60%
of theFunctionalLayercode.This percentagewill increase
as we further develop the generic framework. The pro-
posedarchitecturewasflexible,easytouse,andlight-weight
(memoryandspeed).Simultaneousmultipletaskoperations
wereeasyto invoke even whentherearesharedresources
thatneededto beresolvedathighcontext switchingspeeds.
For example,bothsystemsusedashared8 bit parallelbusto
control their actuators).This resourcewasmanagedlocally
within the ControlledMotor class.

9 Futur e Work

We planto continuethedevelopmentof theFunctionaland
DecisionLayersof the CLARAtyarchitecture.We will be
implementingthe interfacebetweenthe two layersfor the
resourcequeries.We will alsodevelopthevariousdomains
of the FunctionalLayer which include Input/Output,Mo-
tion Control, Mobility andNavigation, Manipulation,Per-
ceptionand Vision, ResourceManagement,SystemCon-
trol, Communication,andSensorandInstrumentProcessing
packages.
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